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(54) MRAM Device with sense amplifiers 

(57) The resistance of a selected memory cell (12) 
in a Magnetic Random Access Memory ("MRAM") 
device (3) is sensed by a read circuit (20) including a 
direct injection charge amplifier (28), an integrator 
capacitor (24) and a digital sense amplifier (26). The 
direct injection charge amplifier (28) supplies current to 
the integrator capacitor (24) while maintaining an equi- 
potentia: voltage on non-selected memory cells (12) in 
the MRAM device (8). As the direct injection charge 
amplifier (28) applies a fixed voltage to the selected 
memory cell (12), the sense amplifier measures integra- 
tion time of a signal on the integrator. The signal integra- 
tion time indicates whether the memory cell MRAM 
resistance is at a first state (R) or a second state 
(R+AR). 
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Description 

[0001] The invention relates to random access memory for data storage. More specifically, the invention relates to 
a magnetic random access memory device including an array of memory cells and sense amplifiers for sensing resist- 

5 ance of the memory cells. 

[0002] Magnetic Random Access Memory ("MRAM") is a non-volatile memory that is being considered for long 
term data storage. Performing read and write operations on MRAM devices would be orders of magnitude faster than 
performing read and write operations on conventional long term storage devices such as hard drives. In addition, the 
MRAM devices would be more compact and would consume less power than hard drives and other conventional long 

10 term storage devices. 

[0003] A typical MRAM device includes an array of memory cells. Word lines extend along rows of the memory 
cells, and bit lines extend along columns of the memory cells. Each memory cell is located at a cross point of a word 
line and a bit line. 

[0004] A memory cell stores a bit of information as an orientation of a magnetization. The magnetization of each 
15 memory cell assumes one of two stable orientations at any given time. These two stable orientations, parallel and anti- 
parallel, represent logic values of "0" and "1. B 

[0005] The magnetization orientation affects the resistance of a memory cell such as a spin-tunneling device. For 
instance, resistance of a memory cell is a first value R if the magnetization orientation is parallel, and resistance of the 
memory cell is increased to a second value R+AR if the magnetization orientation is changed from parallel to anti-par- 
20 allel. The magnetization orientation of a selected memory cell and, therefore, the logic state of the memory cell may be 
read by sensing the resistance state of the memory cell. 

[0006] The resistance state may be sensed by applying a voltage to a selected memory cell and measuring a sense 
current that flows through the memory cell. Ideally, the resistance would be proportional to the sense current. 
[0007] However, sensing the resistance state of a single memory cell in the array can be unreliable. All memory 
25 cells in the array are coupled together through many parallel paths. The resistance seen at one cross point equals the 
resistance of the memory cell at that cross point in parallel with resistances of memory cells in the other rows and col- 
umns (the array of memory cells may be characterized as a cross point resistor network). . 

[0008] Moreover, if the memory cell being sensed has a different resistance due to the stored magnetization, a 
small differential voltage may develop. This small differential voltage can give rise to a parasitic or "sneak path" current. 
30 The parasitic current is typically much larger than the sense current and, therefore, can obscure the sense current. Con- 
sequently, the parasitic current can prevent the resistance from being sensed. 

[0009] Unreliability in sensing the resistance state is compounded by manufacturing variations, variations in oper- 
ating temperatures, and aging of the MRAM devices. These factors can cause the average value of resistance in the 
memory cell array to vary by a factor of two or three. 

35 [0010] There is a need to reliably sense the resistance states of memory cells in MRAM devices. 

[0011] This need is met by the present invention. According to one aspect of the present invention, a resistance 
state of a selected memory cell of an MRAM device is sensed by using the selected memory cell and a reference volt- 
age to charge an integrator; measuring an amount of time for a voltage on the integrator to reach a reference voltage; 
and comparing the amount of time to a threshold. The selected memory cell is at a first resistance state if the amount 

40 of time is less than the threshold; and the selected memory cell is at a second resistance state if the amount of time is 
greater than the threshold. 

[0012] Other aspects and advantages of the present invention will become apparent from the following detailed 
description, taken in conjunction with the accompanying drawings, illustrating by way of example the principles of the 
invention. 

45 

Figure 1 is an illustration of an MRAM device including an array of memory cells and a read circuit; 
Figures 2a and 2b are illustrations of parallel and anti-parallel magnetization orientations of a memory cell; 
Figure 3 is an illustration of a digital sense amplifier, which forms a part of the read circuit; 
Figures 4a to 4e are flowcharts of different modes of operation of the digital sense amplifier; 
so Figure 5 is an illustration of a bit of a presettable counter for the digital sense amplifier; 
Figure 6 is an illustration of the presettable counter; 
Figure 7 is an illustration of an MRAM chip including multiple levels; and 
Figure 8 is an illustration of a machine including one or more MRAM chips. 

55 [0013] As shown in the drawings for purposes of illustration, the present invention is embodied in a Magnetic Ran- 
dom Access Memory device. The MRAM device includes an array of memory cells and a read circuit for reading data 
from the memory cells. The read circuit, which includes direct injection charge amplifiers, integrator capacitors and dig- 
ital sense amplifiers, can reliably sense different resistance states of selected memory cells in the array. 
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[0014] Reference is now made to Figure 1, which illustrates an MRAM device 8 including an array 10 of memory 
cells 12. The memory cells 12 are arranged in rows and columns, with the rows extending along an x-direction and the 
columns extending along a y-direction. Only a relatively small number of memory cells 12 are shown to simplify the 
description of the invention. In practice, arrays of 1 024x1 024 memory cells or larger may be used. 

5 [0015] Traces functioning as word lines 14 extend along the x-direction in a plane on one side of the memory cell 
array 10. Traces functioning as bit lines 1 6 extend along the y-direction in a plane on an opposite side of the memory 
cell array 1 0. There may be one word line 14 for each row of the array 10 and one bit line 1 6 for each column of the 
array 10. Each memory cell 12 is located at a crossing point of a corresponding word line 14 and bit line 16. 
[0016] The memory cells 12 are not limited to any particular type of device. For example the memory cells 12 may 

io be spin dependent tunneling ("SDT") devices. A typical SDT device includes a "pinned" layer and a "free" layer. The 
pinned layer has a magnetization that is oriented in a plane, but fixed so as not to rotate in the presence of an applied 
magnetic field in a range of interest. The free layer has a magnetization orientation that is not pinned. Rather, the mag- 
netization can be oriented in either of two directions along an axis (the "easy" axis) lying in a plane. If the magnetization 
of the free and pinned layers 50 and 52 are in the same direction, the orientation is said to be "parallel" (as indicated by 

15 the arrows in Figure 2a). If the magnetization of the free and pinned 50 and 52 layers are in opposite directions, the ori- 
entation is said to be "anti-parallel" (as indicated by the arrows in Figure 2b). 

[0017] The free layer and the pinned layer are separated by an insulating tunnel barrier. The insulating tunnel bar- 
rier allows quantum mechanical tunneling to occur between the free and pinned layers. This tunneling phenomenon is 
electron spin dependent, making the resistance of the SDT device a function of the relative orientations of the magnet- 
"> ization of the free and pinned layers. 

[0018] For instance, resistance of a memory cell 12 is a first value R if the orientation of magnetization of the free 
and pinned layers is parallel. Resistance of the memory cell 12 is increased to a second value R+AR if the magnetiza- 
tion orientation is changed from parallel to anti -parallel. A typical resistance R may be about 1 megaohms. A typical 
change in resistance AR may about 1 0% of the resistance R. 
25 [0019] Data is stored in a memory cell 12 by orienting the magnetization along the easy axis of the free layer. A 
logic value of "0" may be stored in the memory cell 1 2 by orienting the magnetization of the free layer such that the mag- 
netization orientation is parallel, and a logic value of "1" may be stored in the memory cell 12 by orienting the magnet- 
ization of the free layer such that the magnetization orientation is anti-parallel. 

[0020] Each memory cell 12 retains its orientation of magnetization, even in the absence of external power. There- 
at? fore, the memory cells 12 are non-volatile. 

[0021] The MRAM device 8 also includes a row decoder 1 8 for selecting word lines 14 during read and write oper- 
ations. A word line 14 may be selected during a read operation by connecting that word line 14 to ground 
[0022] The MRAM device 8 also includes a read circuit for sensing the resistance of selected memory cells 1 2 dur- 
ing read operations and a write circuit 19 for orienting the magnetization of the selected memory cells 12 during write 
35 operations. The read circuit is indicated generally at 20. The write circuit 1 9 is not shown in detail in order to simplify the 
explanation of the present invention. 

[0023] The read circuit 20 includes a plurality of steering circuits 22, integrator capacitors 24, digital sense amplifi- 
ers 26, direct injection charge amplifiers 28 and reset switches 30. A memory cell 12 is selected by supplying a row 
address Ax to the row decoder 1 8 and a column address Ay to the steering circuits 22. In response to the row address 
' Ax, the row decoder 1 8 couples a word line 14 to ground. In response to the column address Ay, a steering circuit 22 
couples a bit line 16 to a charge amplifier 28. A selected memory cell 12 lies at the cross point of selected word and bit 
lines 14 and 16. 

[0024] For a selected column of memory cells, the direct injection charge amplifier 28 supplies a current to its inte- 
grator capacitor 24 while maintaining a potential on the non-selected memory cells 12 of the selected bit line 16. This 

45 potential is equal to the potential applied to non-selected rows and columns of the MRAM array 10. As the charge ampli- 
fier 28 applies a fixed voltage to the selected bit line 16, a resulting constant sense current is supplied to the integrator 
capacitor 24. The digital sense amplifier 26 measures signal integration time. The signal integration time is partly a 
function of the resistance of the selected memory eel! 12, which is either at a first state R or a second state R+AR. The 
digital sense amplifier 26 can determine the resistance state of the memory cell 12 and, therefore, the logic value stored 

so in the memory cell 12 by comparing the signal integration time to a threshold. An output of the digital sense amplifier 
26 is supplied to an output register 32 which, in turn, is coupled to an I/O pad 34 of the MRAM device 8. 
[0025] The read circuit 20 may read out data in m-bit words, whereby the resistance states of a number m of mem- 
ory cells 1 2 are sensed simultaneously. For example, a first group of k contiguous bit lines 1 6 might be multiplexed into 
a first charge amplifier 28, a second group of k contiguous bit lines 1 6 might be multiplexed into a second charge ampii- 

55 fier 28, and so on. An m-bit word might be read out by operating m consecutive sense/charge amplifiers 26/28 simulta- 
neously. 

[0026] If a single digital sense amplifier 26 can fit a pitch of sixty four columns and data is stored as 16-b'rt words, 
sixteen sense amplifiers 26 could be used for a 1024x1024 array 10 of memory cells 12. A total of k=64 bit lines 16 
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would be multiplexed into each charge amplifier 28. If the MRAM device 8 has multiple levels of memory cell arrays 
(see, for example, Figure 7), bit lines 1 6 from the additional levels would be multiplexed into the charge amplifiers 28. 
[0027] Each steering circuit 22 includes a set of switches that connect each bit line 1 6 to either a constant voltage 
source or to a charge amplifier 28. Each steering circuit 22 further includes a column decoder. The column decoder 
5 selects only one switch to connect the selected bit line 314 to the charge amplifier 28. All other (unselected) bit lines 
314 are be connected to the constant voltage source. The constant voltage source may be supplied from an external 
circuit. 

[0028] Reference is now made to Figure 3, which illustrates the digital sense amplifier 26 during a read operation 
of a selected memory cell 12. The selected memory cell 12 is represented by a resistor. 

10 [0029] The reset switch 30 may be a PMOS transistor. An external control signal NSINT controls whether the reset 
switch 30 is on (conducting) or off (not conducting). When the reset switch 30 is on, a supply voltage VDD Is applied to 
the integrator capacitor 24 and the selected memory cell 12 through the direct injection charge amplifier 28. Thus, the 
integrator capacitor 24 is charged as a first signal follows a first path P1 , which goes through the reset switch 30 and 
the selected memory cell 12. When the reset switch 30 is off, the sense current Is flowing through the selected memory 

is cell 12 is supplied to the integrator capacitor 24. A second (sense) signal follows a second path P2 f which goes through 
the integrator capacitor 24 and the selected memory cell 12. The second signal includes current from the selected 
memory cell 12. and parasitic currents in the MRAM array 10. The parasitic currents in the MRAM array 10 can arise 
due to the voltage across the unselected MRAM memory cells 12 not being precisely equal to the applied array voltage. 
[0030] As long as the integrator voltage is greater than the voltage across the selected memory cell 12, the capac- 

20 ttor 24 functions as a linear integrator. 

[0031] The direct injection charge amplifier 28 controls a sense voltage Vs across the memory cells 1 2 independent 
of the second (sense) current When a constant voltage is applied to all memory cells 12 (that is an equipotential across 
the memory cells), variations in resistance will not cause a current variation across the remaining parallel memory ele- 
ments 1 2 and. thus, the parasitic sense current can be made substantially less than the sense current. The current that 

25 flows in the direct injection charge amplifier 28 is then directly proportional to the resistance of the selected memory cell 
1 2 without having to make corrections or adjustments for variations in the sense voltage Vs. The direct injection charge 
amplifier 28 includes a high gain negative feedback amplifier for controlling the selected bit line voltage (that is, the 
sense voltage Vs) to a set value and minimizing the variance of the sense voltage Vs over a wide range of sense cur- 
rents. 

30 [0032] The resistance of the memory cell 1 2 and the capacitance of the integrator capacitor 24 determine how fast 
the integrator capacitor 24 is discharged after the reset switch 30 is opened. All other parameters being equal, the inte- 
grator capacitc-' 24 will discharge faster when the memory cell 12 has a resistance of R (logic '0') than when the memory 
cell 12 has a resistance of R+AR (logic T). 

[0033] The sense amplifier 26 measures the integration time to determine the resistance state of the selected 
35 memory cell 12 and. therefore, the logic value stored in the selected memory cell 12. The sense amplifier 26 includes 
a comparator 36 tor comparing capacitor voltage Vintg to a DC reference voltage Vref. The sense amplifier 26 further 
induces an N-btt counter 36, a high frequency clock 40 and a gate 42. The gate 42 is used to start and stop the clock 
40, and the clock 40 causes the counter 38 to increment a counter value at clock frequency. If the clock 40 is started 
when the reset switch 30 is turned off, and the clock 40 is stopped when the capacitor voltage Vintg equals the refer- 
40 ence voltage Vref, the counter value stored in the counter 38 will indicate the amount of time for voltage on the integrator 
capacitor 24 to decay to the reference voltage Vref. 

[0034] Reading a memory cell 12 without resetting the counter 38 to a zero counter value will produce a cumulative 
time measurement and will hereinafter be referred to as a "cumulative read." 

[0035] Before a read operation is performed, the negative of a threshold is preloaded into the counter 38. After a 
45 cumulative read, the most significant bit of the counter value represents the logic value stored in the selected memory 
cell 12. An output DOUT of the most significant of the counter 38 is coupled to the register 32. 

[0036] For example, basic circuit parameters may be sized to accommodate a sense current range of 200nA to 
500nA, a power supply voltage VDD of 3.3V, a reference voltage Vref of 1 .0 volts, a clock 40 having a clock frequency 
of 100MHz, and a counter 38 that is 9-bits wide. 
so [0037] The minimum DC sense current of 200nA dictates the capacitance C of the integrator capacitor 24 for a 2.3V 
swing (VDD-Vref) in 512 levels, with each clock tick equaling 10 nanoseconds. 

[0038] A sense current Is of 400nA represents a reference logic '1' and a sense current Is of 350nA represents a 
reference logic '0'. The current sense process translates the sense current Is to a counter value CNT that is dependent 
upon the frequency of the clock 40, the voltage swing (VDD-Vref), and the capacitance of the integrator capacitor 24: 

55 

CNT = bin(CT(VDD - Vref)* 1 00/ls). 
A reference logic *1 ' translates to 255 counter ticks (i.e., 0,1 1 1 ,1 1 1 ,1 1 1 ) and a reference logic '0' translates to 292 coun- 
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ter ticks (i.e., 0,100,100,100). 

[0039] The sense amplifier 26 further includes an N-bit preset register 44, which can temporarily store the contents 
of the counter 38 and which can load its contents into the counter 38. The preset register 44 can also be loaded with 
specific values (e.g., 0 for initialization; -1 for 2's complement addition). Those specific values can be supplied from I/O 
5 pads of the MRAM device 8. 

[0040] A controller 46 is provided to control the reset switch 30, counter 38, gate 42 and preset register 44. Under 
control of the controller 46, the digital sense amplifier 26 can operate under different modes. The different modes are 
selected by supplying a signal to I/O pads of the MRAM device 8. 

[0041] Reference is now made to Figures 4a to 4e, which illustrate five different modes of operation of the digital 
io sense amplifier 26. Figure 4a shows the first mode, in which a one-sample non-destructive read is performed. A refer- 
ence cell is selected by selecting its corresponding plane, row and column addresses (block 402). The reference cell 
may be any memory cell 12 having a known logic value. In the alternative, the reference cell may be selected from a 
dedicated row of memory cells 12 in the array 10, that is, a reference cell row. Reference Vs and 0 l s would be written 
to the reference ceils in the reference cell row. 
15 [0042] An estimated time difference D/2 (in clock ticks) between a logic '0' and a logic T is then loaded into the 
counter 38 (block 404). A cumulative read of the reference cell is then performed (block 406). The counter 38 incre- 
ments the counter value CNT at the clock frequency until Vintg=Vref Thus, the counter value CNT in the counter is 
increased by the measured amount of time C(1 ), whereby CNT= C(1 ) + D/2 . 

[0043] Following step 406, a negative of a threshold T is stored in the preset register (block 408). The threshold T 
is equal to the counter value CNT, that is, T=CNT . The 2's complement of the counter value CNT is stored in the preset 
register 44. The contents of the preset register 44 are then loaded into the counter 38 (block 409). Thus, the counter 
value CNT is set equal to the negative of the threshold T, that is CNT = -T . 

[0044] After the threshold T has been stored, the logic states of selected memory cells 12 are sensed. A memory 
eel! 12 is selected by selecting its corresponding plane, row and column addresses (block 41 0). 
25 [0045] A cumulative read of the selected memory cell 1 2 is then performed (block 41 2). The counter 38 increments 
the counter value CNT at the clock frequency until Vmtg=Vref Thus, the counter value CNT is increased by the meas- 
ured amount of time C(M), whereby CNT= C(M) - T . 

[0046] The sign of the counter value CNT indicates the logic value of the selected memory cell 1 2 (block 41 4). If the 
selected memory cell 1 2 caused the integrator capacitor 24 to discharge quickly such that C(M)<T (because of a lower 
30 memory cell resistance R), the value of the counter 38 is negative, whereby the most significant bit is a '1 '(in 2's com- 
plement). Conversely if the selected memory cell 12 caused the integrator capacitor 24 to discharge slowly such that 
C(M)>T (because of a higher memory cell resistance R+AR), the value of the counter 38 is positive, whereby the most 
significant bit is a '0'. 

[0047] After the threshold T has been determined, steps 402 to 408 do not have to be repeated for reads of addi- 
35 tional memory cells 12. An additional memory cell 12 maybe read by loading the negative value of the threshold T from 
the preset register 44 into the counter 38 (block 409 via entry point A), selecting the additional memory cell 12 (block 
41 0), performing a cumulative read (block 41 2), and examining the sign of the counter value CNT (block 414). 
[0048] A new threshold T may be determined whenever the MRAM device 8 is calibrated. Calibration may occur 
during computer boot-up or following detection of major system changes such as significant changes in ambient tem- 
perature, power supply voltages, and detected error rate. 

[0049] The following example of a read operation uses the parameters described above and assumes that reading 
the reference cell storing a T results in a counter value of 255. At the beginning of the read operation, the value 
INT[(292-255)/2] = 18 is loaded into the counter 38 to represent the estimated discharge time difference D/2 between 
reads of a logic value '0' and a logic value '1 1 (block 404). A cumulative read of the reference cell storing the logic value 

45 '1 ' is performed (block 406), whereby the counter value CNT is increased by 255. Thus the counter value CNT = 273. 
The 2's complement of the counter value CNT is stored in the preset register 44 (block 408) and the contents of the 
preset register 44 are stored in the counter 38, whereby CNT= -273 (block 409). A memory cell 12 is selected (block 
41 0), and a cumulative read of the selected memory cell 1 2 increases the counter value CNT by 290 (block 41 2). At the 
end of the second cumulative read, the counter value CNT is positive (CNT = 17), whereby the most significant bit of 

so the counter 38 indicates that a logic value of '0' is stored in the selected memory cell 12 (block 41 4). 

[0050] Figure 4b shows the second mode of operation, in which a two-sample non-destructive read is performed. 
The second mode is similar to the first mode, except that the discharge time difference between reads of logic values 
'1 ' and a '0* is measured instead of estimated. 

[0051] A reference cell storing a T is selected by selecting its corresponding plane, row and column addresses 
55 (block 502), and the counter value CNT is initialized to CNT=0 (block 504). A cumulative read of the memory cell 12 
storing the '1' is then performed (block 506). The counter value CNT is increased by the measured count C(1), that is 
CNT= C(1). 

[0052] A reference cell storing a '0' is selected by selecting its corresponding plane, row and column addresses 
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(block 508), and a cumulative read of the memory cell 12 storing the '0' is performed (block 510). The counter value 
CNT is Increased by the measured count C(0). Thus, the counter value CNT at the end of the second cumulative read 
is CNT=C(0)4C(1). 

[0053] The negative value of the threshold T is then stored in the preset register 44 (block 512). The contents of the 
5 preset register 44 are shifted right by one bit and loaded Into the counter 38 (block 513). The shift of one counter bit 
performs a "divide-by-2" arithmetic operation on the value stored in the preset register 44 as it loads the stored data into 
the counter 38. Thus, the counter value is set to CNT=-T/2 . 

[0054] A memory cell 12 is selected (block 514) and read (block 51 6), and the sign of the counter value CNT is 
examined to determine whether the memory cell 12 stores a logic value of '0' or T (block 51 8). Each additional memory 
io cell 12 may be read by loading value -T/2 into the counter 38 (block 513 via entry point B) and then performing steps 
51 4 to 51 8. 

[0055] The read operations illustrated in Figures 4a and 4b are non-destructive in that the magnetization polariza- 
tion of the memory cells 12 being read are not changed. However, the thresholds for the memory cells 12 being read 
are not measured directly; instead, the thresholds are estimated or inferred from the measurements of the reference 
is cells. 

[0056] Destructive read operations, in contrast, change the magnetization polarization in order to directly measure 
the thresholds for the memory cells 12 being read. The destructive read operations all involve sensing the stored value 
of a selected memory cell 12 and then writing and reading at least one known logic value from the selected memory 
cell 12. 

20 [0057] Figure 4c shows the third mode of operation, in which a two-sample destructive read is performed. A mem- 
ory cell 12 is selected (block 602) and an estimated discharge time difference D/2 is loaded into the counter 38 (block 
604). A cumulative read of the selected memory cell 12 is then performed (block 606), whereby the counter value 
becomes CNT= C(M) + D/2 . The 2*s complement of the counter value CNT Is stored in the preset register 44 and the 
counter 38, whereby the negative value of the threshold T is stored (block 608). 

25 [0058] Once the negative value of the threshold T has been stored, the logic value of the selected memory cell 1 2 
is determined. A logic value of '0' is written to the selected memory cell 12 (block 610) and a cumulative read of the 
selected memory cell 12 is performed (block 612), whereby the counter value becomes CNT=C(0)-T or 
CNT = C(0) - C(M) - D/2 . Thus, the measured discharge time of the integrator capacitor 24 is compared to the thresh- 
old T 

30 [0059] The sign of the counter value CNT is then examined to determine whether the stored value is a '1 ' or a '0' 
(block 614). After this destructive read has been performed, the value of the selected memory cell 1 2 is restored (block 
61 6). If the logic value that was read is a '1 \ then a "1 ' is written back to the selected memory cell 1 2. If the logic value 
that was read is a '0', then a write back is not performed since the logic value of '0' was last written to the selected mem- 
ory cell 12. 

35 [0060] Figure 4d shows the fourth mode of operation, in which a three-sample destructive read is performed. The 
fourth mode is performed in essentially the same manner as the third mode, except that the stored value of the selected 
memory cell 12 is read twice, and the discharge time difference between a stored '1' and a stored '0' is measured 
instead of estimated. 

[0061] A memory cell 12 is selected (block 702), the counter 38 is initialized to CNT=0 (block 704) and two cumu- 
40 lative reads of the selected memory cell 12 are performed (block 706), whereby the count CNT becomes 
CNT= C(M) 1 + C(M) 2 . The 2"s complement of the count CNT is stored in the preset register 44 and the counter 38, 
whereby the negative value of the threshold T is stored (block 708). 

[0062] A logic value of '0' is written to the selected memory cell 12 (block 71 0) and a cumulative read of the selected 
memory cell 1 2 is performed (block 712), whereby the count CNT becomes CNT = C(0) - T . A logic value of '1 ' is then 
45 written to the selected memory cell 1 2 (block 71 4) and another cumulative read is performed (block 71 6), whereby the 
counter value becomes CNT = C(1 ) + C(0) - T = C(1 ) + C(0) - C(M) - C(M) 2 . 

[0063] The sign of the counter value CNT is then examined to determine whether the logic value of the selected 
memory cell was a '1 1 or a '0' (block 71 8). After the destructive read has been performed, the value of the selected mem- 
ory cell 12 is restored, if necessary (block 720). 

so [0064] Figure 4e shows the fifth mode of operation, in which a 2L-average destructive read is performed. The fifth 
mode differs from the fourth mode in that 2L reads of the memory cell 1 2 are performed (block 806) after the count CNT 
has been initialized (block 804), L cumulative reads are performed (block 812) after a '0' has been written to the selected 
memory cell (block 81 0); and L cumulative reads are performed (block 81 6) after a '1 1 has been written to the selected 
memory cell (block 814), where L>1 . 

55 [0065] If L=2, for example, a 4-average destructive read may be performed by selecting a memory cell 12 (block 
802), initializing the counter value CNT to zero (block 804), performing four cumulative reads of the selected memory 
cell 1 2 (block 806), storing the 2's complement of the counter value CNT as the negative of the threshold T (block 808), 
writing a logic value of '0' to the selected memory 12 (block 810), performing two cumulative reads (block 812), writing 
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a logic value of T to the selected memory cell 12 (block 814) and performing two more cumulative reads (block 816). 
[0066] The sign of the counter value CNT is then examined to determine whether a logic value of T or a '0' was 
stored in the memory cell 1 2 (block 81 8). After the destructive read has been performed, the value of the selected mem- 
ory cell 12 is restored, if necessary (block 820). 

5 [0067] Each mode of operation offers different advantages. The non-destructive read modes are fastest to perform 
because write operations are not performed. Measuring the reference logic values can be more accurate than estimat- 
ing the logic values but more time consuming. Performing multiple reads offerthe slowest read time but the highest reli- 
ability. Multiple reads are performed to average sampling noise over many read operations. Given a condition where the 
count difference is small, increasing the number of samples will average out sample noise. 

10 [0068] Figures 5 and 6 show an embodiment of an N-blt presettable counter 200, which combines the functions of 
the counter 38 and the preset register 44. Figure 5 shows a register 202 of the presettable register 200. The register 
202 includes a T-type flip-flop 204 for a storing a bit of the counter value. The flip-flop 204 has a clock input CLK and a 
Q-output 206. A transition of the clock input CLK from '0' to T at the input of the flip-flop 204 causes the content of the 
flip-flop 204 to toggle from a T to a '0' or from a '0' to a T. The flip-flop content is not toggled if the clock input CLK 

15 transitions from a '1 1 to a '0'. 

[0069] The register 202 includes a first circuit 208. The first circuit 208 includes a latch 21 0, which corresponds to 
a bit of the preset register 44. A bit of the counter value is transferred from the flip-flop 204 to the latch 21 0 by sending 
a pulse to a shift/invert input 21 2 (that is, a gate) of a transistor 214. The latch 21 0 has a pre-set_out output 21 6. The 
pre-set_out output 21 6 provides a complement of the Q output 206. 

i [0070] The register 202 also includes a second circuit 218 for resetting the flip-flop 204 or setting the flip-flop 204 
to a pre-set value. The flip-flop 204 can be reset to either a '0' or a '1* or an externally-supplied value by supplying a 
pulse to a reset input 221 . The value to which the flip-flop 204 is reset depends upon whether a reset transistor 220 is 
pulled to ground GND, the supply voltage VDD, or to a value supplied by an external circuit to a resetjn input 222. 
[0071] The flip-flop 204 can be set to a first pre-set value by sending a pulse to a first pre-set input 224, thereby 
25 coupling the pre-set_out output 216 to an internal node 226. The flip-flop 204 can be set to a second pre-set value by 
sending a pulse to a second pre-set input 228 and applying a value on a pre-set2_in input 230 to the internal node 226. 
[0072] A NAND gate 232 and an inverter 234 provide clocks CLKA and CLKB for the flip-flop 204. 
[0073] Referring now to Figure 6, a total of N registers 202 are ganged together to form the N-bit presettable coun- 
ter 200. The clock input CLK of the least significant bit LSB receives the pulses from the dock 40. The Q output of each 
30 register 202 is coupled to the clock input CLK of the next register, except for the most significant MSB, whose Q output 
provides the counter value sign DOUT. If the counter 38 is reset to 0, a first pulse at the clock input of the LSB will gen- 
erate a counter value of CNT=00 ... 01 2 ; a second pulse at the clock input of the LSB will generate a counter value of 
CNT=0O...1O 2 ; a third pulse at the clock input of the LSB will generate a counter value of CNT=00...1 1 2 ; and so on. 
[0074] Applying a pulse to the reset input 221 of the registers 202 causes the counter value CNT to be reset to a 
35 digital word that is applied to the I/O pads of the MRAM device 8. This allows the counter value CNT to be set to values 
such as -1 (1 1 ... 1 1 2 ), D/2, etc. This also allows the counter 38 to be adjusted or tuned for anticipated integrator offsets. 
[0075] The pre-set2_in input 230 of the MSB is tied to the supply voltage VDD. The pre-set_out output 21 6 of each 
register 202 is tied to the pre-set2_in input 230 of the next lower register, except for the least significant bit LSB. The 
pre-set_out output 21 6 of the LSB is left open. 

J [0076] Applying a pulse to the shift/invert and first pre-set inputs 212 and 224 of each register 202 will cause the 
counter contents to be inverted. Applying a pulse to the shift/invert and second pre-set inputs 212 and 228 of each reg- 
ister 202 will cause the counter contents to be inverted and shifted left by one bit. 

[0077] Reference is now made to Figure 7, which illustrates a multi-level MRAM chip 100. The MRAM chip 100 
includes a number Z of memory cell levels or planes 102 that are stacked in a z-direction on a substrate 104. The 

45 number 2 is a positive integer where 2 > 1 . The memory cell levels 102 may be separated by insulating material (not 
shown) such as silicon dioxide. Read and write circuits may be fabricated on the substrate 104. The read and write cir- 
cuits may include additional multiplexers for selecting the levels that are read from and written to. 
[0078] Thus disclosed is an MRAM device including a circuit that can read data reliably. The read circuit reduces 
parasitic currents such that the sense currents are not obscured during read operations, in addition, sensitivity of the 

so MRAM device to aging and manufacturing and operating temperature variations is reduced. 

[0079] The digital sense amplifier can work with a wide range of dc currents because integration time is adaptable 
to the level of dc current. If the reference voltage Vref changes, the time for the capacitor voltage Vintg to reach the ref- 
erence voltage Vref will also change. 

[0080] Logic operations for the digital sense amplifier are implemented efficiently by the presettable counter. The 
55 single N-bit counter can perform operations such as counting, inverting, shifting and pre-setting. Consequently, silicon 
real estate is utilized more efficiently whereby the digital sense amplifier can fit within a lower pitch of columns. 
[0081] The MRAM device according to the present invention may be used in a wide variety of applications. Figure 
8 shows an exemplary general application for one or more MRAM chips 100. The general application is embodied by a 
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machine 150 including an MRAM storage module 152, an interface module 154 and a processor 156. The MRAM stor- 
age module 152 includes one or more MRAM chips 100 for long term storage. The interface module 154 provides an 
interface between the processor 156 and the MRAM storage module 152. The machine 150 could also include fast vol- 
atile memory (e.g., SRAM) for short term storage. 

5 [0082] For a machine 150 such as a notebook computer or personal computer, the MRAM storage module 152 
might include a number of MRAM chips 100 and the interface module 154 might include an EIDE or SCSI interface. For 
a machine 150 such as a server, the MRAM storage module 152 might include a greater number of MRAM chips 1 00, 
and the interface module 154 might include a fiber channel or SCSI interface. Such MRAM storage modules 152 could 
replace or supplement conventional long term storage devices such as hard drives. 

io [0083] For a machine 1 50 such as a digital camera, the MRAM storage module 1 52 might include a smaller number 
of MRAM chips 100 and the interface module 154 might Include a camera interface. Such an MRAM storage module 
152 would allow long term storage of digital images on-board the digital camera. 

[0084] The MRAM device according to the present invention offers many advantages over conventional long-term 
data storage devices such as hard drives. Accessing data from the MRAM devices is orders of magnitude faster than 
is accessing data from conventional long-term storage devices such as hard drives. Additionally, MRAM devices are more 
compact than hard drives. 

[0085] The invention is not limited to the specific embodiments described and illustrated above. For instance, the 
invention is not limited to the use of spin dependent tunneling devices. Other types of devices that could be used 
include, but are not limited to, giant magnetoresistance ("GMR") devices. 
20 [0086] The invention has been described in connection with the rows being oriented along the easy axis. However, 
the rows and columns could be transposed. 

[0087] Accordingly, the invention is not limited to the specific embodiments described and illustrated above. 
Instead, the invention is construed according to the claims that follow. 

25 Claims 

1. A circuit (20) for sensing a resistance state of a memory cell (12) in an MRAM device (8), the circuit (20) compris- 
ing: 

30 an integrator (24); and 

a sense amplifier (26), coupled to the integrator (24) and the memory cell (12), for measuring an amount of 
time for a voltage (Vintg) on the integrator (24) to reach a reference voltage (Vref) and for comparing the meas- 
ured amount of time to a threshold; 

whereby the memory cell (12) is at a first resistance state if the amount of time is less than the threshold; and 
35 whereby the memory cell is at a second resistance state if the amount of time is greater than the threshold. 

2. The circuit of claim 1 , wherein the sense amplifier (26) includes a counter (38) for storing a counter value; and a 
clock (40) for causing the counter (38) to increment the counter value at clock frequency until a voltage on the inte- 
grator (Vintg) equals a reference voltage (Vref), a most significant bit (MSB) of the counter (38) indicating whether 

40 the memory cell (1 2) is at the first or second resistance state. 

3. The circuit of claim 2, further comprising a preset register (44) for storing contents of the counter (38) and loading 
values into the counter (38), the preset register (4) being integrated with the counter (38). 

45 4. The circuit of claim 3, further comprising a controller (46) for controlling the counter (38) and preset register (44) to 
perform a non-destructive read, the controller (46) causing the counter (38) to determine the threshold by causing 
a reference cell and a reference voltage to charge the integrator (24), and causing the counter (38) to measure an 
amount of time for a voltage on the integrator (24) to reach a reference voltage. 

so 5. The circuit of claim 3, further comprising a controller (46) for controlling the counter (38), the preset register (44) 
and a write circuit (19) to perform a destructive read, the controller (46): 

causing the memory cell (12) and the reference voltage to charge the integrator (24) at least once; 
causing the counter (38) to take at least one first measurement of the amount of time for the voltage on the inte- 
55 grator (24) to reach the reference voltage; 

causing the write circuit (19) to write at least one known logic state to the memory cell (12); 

causing the memory cell (1 2) and the reference voltage to charge the integrator (24); causing the counter (38) 

to take at least one second measurement of 
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the amount of time for the voltage on the integrator (24) to reach the reference voltage; 

causing the preset register (44) and the counter (38) to compare the first and second amounts of time to deter- 
mine the resistance and, therefore, logic state of the memory cell (12); and 
causing the write circuit (1 9) to write back to the memory cell (12), if necessary. 

5 

6. The circuit of claim 2, wherein the counter (38) includes: 

a plurality of registers (202), each register including a T-type flip-flop (204), each flip-flop (204) having a clock 
input and a Q output (206), one of the registers (LSB) providing a least significant bit, another one of the reg- 
io isters (MSB) providing a most significant bit; 

the clock input of the flip-flop (204) of the least significant bit (LSB) being coupled to an output of the clock (40), 
the Q output (206) of each flip-flop (204) being coupled to the clock input of a next higher flip-flop, except for 
the most significant bit (MSB); 

the Q output (206) of the flip-flop (204) of the most significant bit (MSB) being coupled to an I/O pad (34). 

15 

7. The circuit of claim 6, wherein each register (202) further includes a latch (21 0) coupled to its flip-flop (204), an out- 
put (216) of each latch (210) providing a complement of the Q output (206) of the associated flip-flop (204). 

8. The circuit of claim 7, wherein each register (202) further includes a circuit (218) for inputting a pre-set value to its 
t associated flip-flop (204), each circuit (21 8) having a pre-set Jn input (230); and wherein the pre-set_in input (230) 

of the circuit (218) of the most significant bit is coupled to the supply voltage VDD, the output of each latch (21 0) 
being coupled to the pre-setjn input (230) of the circuit (218) of the next lower register (202), except for the least 
significant bit. 

25 
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